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Abstract

This paper describes the development of a mathematical model to predict the performance of multi-stage flash (MSF) plant
systems under transient conditions. The model developed is based on coupling the dynamic equations of mass, energy and
momentum. These equations describe the dynamic behavior of brine and product streams within the flashing stages, the
effect of salinity and temperature variation on the specific heat, boiling point, enthalpy and density is accounted for in this
model. The model which consists of a set of differential and algebraic equations (describing the dynamic behavior of each
stage in terms of some key physical parameters) are solved by using the fifth order Runge-Kutta method. The proposed
model was validated by using data from previous theoretical studies as well as actual data obtained from an operating MSF
plant. The results obtained are useful for dynamic parametric studies and for the prediction of the performance of a given
plant under a wide range of possible transient conditions.
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T, Temperature of condensate

Togi) ~ Temperature of_\;apor flashing from the
distillate tray in the i"" stage

Ter) Temperature of the mass hold-up in the
distillate tray

Tor) Temperature of distillate exiting the i"
stage

Ts Steam temperature

Ty Temperature of vapor in the i stage

Twa) Temperature of the mass hold-up in the
condenser tubes in the i™" stage

Twag Temperature of circulating brine exiting
the i stage

Vay Volume of the brine in the brine heater

Xai) Salinity of flashing brine in the i stage

Xy Salinity of flashing brine stream exiting
the i stage

K Blow down salinity

Xk Make up flow rate salinity

Xwad) Salinity of circulating brine in the i stage

Xua(i) Salinity of brine in the condenser tubes
exiting the i"" stage

Greek

PBH Brine density in the brine heater

AT Log mean temperature difference

1. Introduction

In arid, water-scarce parts of the world, such as the
Arab Gulf area and North Africa, multi-stage flash (MSF)
desalination is considered one of the most common
techniques that provide a considerable quantity of potable
water. Massive amounts of seawater and therefore a
similarly large quantity of energy are processed through
these large, costly facilities. In that regard, considerable
quantities of concentrated brine are disposed of after the
desalination treatment. The aforementioned features of
MSF plants make topics such as optimization of the
operation and minimization of the corresponding
environmental impact a main priority [1]. To the aim of
addressing all these aspects, mathematical models provide
a very useful tool. The steady state modeling of the MSF
desalination plant has been the subject of various studies in
the past; several publications for the steady-state
simulation of desalination systems have been reported in
literatures [2-4]. Due to the fact that the MSF desalination
process has many input and output variables, it is difficult
to model the dynamic behavior of the plant; but to design
the instrumentation and control system to have better
control on process variables, the knowledge of dynamics is
necessary. The first attempt to obtain a dynamical model
of an MSF-process was presented in [5]. The first attempt
to obtain a dynamical model of an MSF-process was
presented by Yokoyama et al. [6]. Viral et al. [7] carried
out a dynamic model applying empirical corrections for
the evaporation rates. The degrees of freedom based on a
dynamic model were used to determine the number of
controlled and manipulated variables. Thomas et al. [8]
developed a mathematical model and its solution
procedure to simulate the dynamic behavior of multi-stage
flash desalination plants. The model was used to predict
the operating parameters of an actual MSF plant.

Theoretical models which simulate the transient behavior
of MSF desalination plants under various conditions have
been reported by Rimawi et al. [9]. Tarifa and Scenna [10],
studied a dynamic simulator for MSF desalination plants,
this simulator was developed to study the effects of faults
that may affect a MSF system. Other models have also
been proposed in [11-15]. In this way, for any process, the
development of a dynamic simulator, which is able to
simulate a dynamic process, is an interesting goal. Indeed,
this dynamic simulator can be used fortraining operating
personnel and investigating plant behavior under dynamic
situations, which helps to predict the dynamic conditions
of the plant in order to study potential operating modes and
control behavior. Therefore, this work outlines the
development and performance of a simulator able to
simulate a dynamic process, specifically aimed to MSF
processes at start-up, this simulator was developed to
investigate the effects of changing the characteristics of the
plant that may affect a MSF system at start up

2. MSF Process Description

MSF desalination is an evaporating and condensing
process. The heat energy required for evaporation is
supplied by exhaust heat recovery boilers and auxiliary
boilers. The energy supplied during evaporation is
recovered in the condensation. The MSF unit can be
divided into three sections; a heat reject section, a heat
recovery section, and a brine-heater section. A schematic
diagram for the MSF system with brine circulation is
shown in Figure 1. [16]. The recovery and reject sections
are made up of a series of stages, each MSF stage has a
flash chamber and a condenser; the vapor flashed off in the
flash chamber is separated from the condenser by a
demister which intercepts brine droplets entrained in the
flashing vapor. A distillate trough under the condenser
tubes collects the condensate. The sea water from supply
pumps enters the MSF plant and flows through the
condenser tubes of the reject section stages and gets heated
by the heat released due to condensation of the flashing
vapor. A part of this stream leaving the reject section is
mixed with the sea water to preheat it; a part is added to
the flash chamber of the last flash as make-up, and the
remainder is rejected to the sea, the recycle brine drawn
from the last flash enters the tubes of the recovery section
and gradually gets heated by the heat released from the
condensation of the flashing vapor in each stage and leaves
the recovery section out of the first flash. It enters the
brine-heater section on the tube side where it is heated
further to the required top brine temperature (TBT) by
condensing steam on the shell side. The heated brine then
enters the flash chamber of the first stage which is
maintained at an appropriate pressure where it flashes. The
flashing brine flows from one stage to the next through an
orifice which controls the brine level in each flashing
chamber. Pressure is gradually decreased in the successive
stages as flashing continues. A part of the concentrated
brine from the flashing chamber of the last stage is
discharged as blow-down and the remainder combined
with the make-up flow serves as the recycled brine. The
distillate flowing from stage to stage in the distillate tray is
taken out as the product from the last stage and chemically
treated to adjust the pH and hardness prior to sending it to
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the storage tanks. There are a number of process variables
which need to be set for reasonable operation of an MSF
plant. They are:

1. TBT from the brine heater. This directly affects the
distillate production and the levels in each flash
chamber. There is a maximum allowable value,
depending upon the type of scale inhibitors added to the
make-up feed.

2. Brine recycles flow. This directly affects the levels in
each flash chamber and the steam consumption for a
fixed TBT. The higher the flow rate, the lower the
flashing efficiency with a reduction in the residence
time in the stages and an increasing brine level in the
stages.

3. Make-up flow. This makes up for the blow-down flow
and the distillate product flow out of the plant. It affects
the temperature of the recirculating brine and thus
affects the flashing process.

4. Low pressure (LP) steam temperature leaving the spray
system. This dictates the heat content of the steam.

5. Sea water feed flow. This governs the fluid velocities in
the tubes of the reject section. It affects the heat transfer
in the heat reject section.

6. Sea water feed temperature. This directly affects the
heat transfer in the reject section. It also affects the
temperature of the makeup and thus of the recirculating
brine.

7. Brine heater condensate level. This ensures that the
heat exchanger tubes are not submerged in condensed
steam, since that will adversely affect the heat transfer.

8. Brine level in the last stage. This affects the level of
brine in the preceding stages, and helps to avoid
drainage of the system.

9. Distillate level in the last stage. This ensures that the
distillate does not overflow the distillate tray.
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Figure 1. Multi stage flash desalination process [16]

3. Physical Model Description

The MSF process is a flash evaporation process at low
pressure (vacuum), where the pressure decreases and the
evaporation temperature in accordance decreases from the
first to the last stage. From the modeling point of view, it
is easier to describe a single flash stage if it is split up into
four control volumes, which can be treated separately. The
four control volumes are, flash chamber, vapor space,
product tray, and tube bundle. Figure 2 shows the

graphical representation of the four control volumes of
stage. Each fluid stream communicating with the
individual stage has four characterizing variables, flow
rate, temperature, pressure, and salt concentration. The
physical properties, enthalpy, density, and specific heat of
the stream, are functions of these variables. The time
derivatives included for the mass hold-up, concentration,
temperature and specific enthalpy in each of the control
volumes of the MSF stages represent the dynamic model.
With these derivatives put to zero, the model represents
steady-state conditions.

3.1. Mathematical representation of the stage

The MSF desalination stage can be divided into the
following four control volumes (CV):

1. The flashing brine pool.
2. The distillate (product) tray.
3. The vapor space.

4. The condenser tubes.

These control volumes are shown in Figure 2. In each
control volumes the mass flow rate, temperature,
concentration and pressure are considered the fundamental
independent variables that characterize the stream. In the
present model, the lumped capacitance and uniform state
approximations are assumed. Therefore, the state of the
flow at CV exit is assumed the same as that for the mass
hold-up in the CV. Thus yield;

Tb(i) :TB(i): Tpr(i) =TPR(i) ) Twa(i)zTWA(i) and Xb(i):XB(i)

Also the following basic assumptions are carried out in the
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Figure 2. Block diagram of a repeated stage.

present work.

Salt is not present in the vapor.

Liquid is perfectly mixed on each unit.

The heat of mixing due to change in salinity is ignored.
Vapor is perfectly mixed on each unit.

The vapor is saturated.

The oscillations of stage brine level are negligible.

N g~ wn e

Initially at time t = 0, the system is at atmospheric
conditions.

in addition to the above-mentioned assumptions, the
present model has the following advantages:
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1. The pre-heater heat transfer area and the surface area of
each flashing chamber are considered in the objective
function and the main brine heater transfer area is also
considered.

2. The system is well insulated.

3. Dependence of heat capacity, boiling point elevation
and latent heat of evaporation on temperature and
concentration is considered by rigorous correlations.

4. Dependence of the overall heat transfer coefficient on
brine velocity, temperature, and tube diameter is
considered.

5. Non-equilibrium allowance is taken into account
according to the correlation developed in [3].

6. Hydraulic correlations given in [4]. These equations
describe the inter-stage flow rate of the flashing brine.

7. Stage geometric design (length, width and height) is
considered.

8. Non-condensable effects are neglected.
9. Maximum number of stages N =21.
3.1.1. Stage Model

The mass conservation equation for the brine in the
flashing pool is given by:

Mz ;)
qr -1 T M T Mag @
My = PoriyAom Vi
LL ‘ L] Lt LL (2)
The balance of the dissolved solids reads
dxﬁ‘[[j
Mz T My ielioy — Mamienr Q)

The energy balance for brine pool is given by

dT 5
. gl —_
MziaCpprng——— = Mpin CPaiimn Talios
SOTE dE TeeoTEeTE T @)
=y CppinTan — Mg 5'-'i'-i'g

The mass conservation equation for the product in the
tray is

dMergy
e Mle(f_g) T Moy — My — Mag i (5)
The energy balance for the product tray is
Blzgl —
Mz Cpyrin 1 = Myy(io0) Ol im0 Tor o)
: dt : : . ©)
~Mygiiyogry — Mprn Cprin Torey T Moy Pee

The mass balance for the vapor space produces

dMy iy
dt
The energy balance for the vapor space is as follows

= Mpgin + Mypgln — Mo — Mgpin (7)

= Mpgiiy Cp'u,':':;rbg f + Mo C?;! (8)
=UA; ._-]JT:-“

Where Uy, is the heat transfer coefficient, Acg is the
heat transfer area and AT, is the log mean temperature
difference (LMTD), given by

(Teto — Twat) — (Tetn — Twatien)
(T = Tweata) )

In [
(Teto — Twatien)

The mass balance for the condenser tubes can be
written as

ATy =

Mwarn = Mwari+1) (10)

The salt balance of circulating brine is given by

X‘h'r.‘[l:j = XL1'|:|:[+1‘_'| (11)

It is assumed that mass of brine in the condenser tubes
remains constant and there is no accumulation of salt in the
condenser tubes. Thus,

dﬂfl- VA(D u,"Xl- VA(D)
T" =0 and MWA,:[:,T = (12)

The energy balance for the condenser tubes yields

8lwald

My, F B~ = My (i1 S Prali w4 wnliat)
”.-.1...{'-?’..... =m C L ¥

ﬂ-: I Ll VaL+ L (13)

Mg 1 CPoaris Twvarty + UrnAcen AT iy

The saturation temperature of the vapor above the
flashing brine will be less than the brine temperature by
the boiling point elevation (BPE), non-equilibrium
allowance (NEA) and loss in saturation temperature due to
other pressure losses ATp,

Tm;f_‘. = Ti:l[[j - BPE.;Q. - NEA[[:. - ":"TF[ij (14)

3.1.2. Last stage Model
The brine mass conservation equation is

@Mz ()
ar - Moln-o) My = Myg () — Mpg = Mpg(n)  (15)
The balance of dissolved salt is
dXB[nj _
Mm;n) = mi:[ﬂ-L)XiJ g T Mk = Mg [n)Xu' (n) ~ Mg Iy as)

it



© 2010 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 4, Number 3 (ISSN 1995-6665) 398

The energy balance for the brine is,

ﬂ‘TS.;'n‘u
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an

= CPpaMpaTyg — Mypgem hyq n

The conservation equations for distillate tray vapor
space and the condenser tube can be written in a similar
manner as that for the repeated stage (i), Egs. (5) to (14).

The formulated basic equations include some physical
properties which are correlated with subsidiary equations
as functions of these stage variables, it can be found
in[17].

3.1.3. Modeling of the Brine Heater

The brine heater is a shell and tube type heat exchanger
in which, heating steam condenses outside the tube
surface, exchanging its latent heat with the brine. The
brine flows through the tubes and consumes the energy
supplied by the steam. A schematic of the brine heater is
shown in Figure 3.

The brine heater (BH) has a steam flow, mg coming in
at temperature Ts, and the condensate, m_ going out
through at temperature T_. The incoming steam is
considered to be saturated and at the temperature of
condensate in the sump as in the real plant

The mass and energy balance equations are given by
Mgy Cpgy dr = me(hs — hy)

— Mgty (CPwa (0) L vaiy  (18)

= CpyartyTvaty)
Msw = PeuVen (19)
Myva(1) = Myaio) (20)
my=mg and T, =T% @1
Xwar1) = Xwa(o) @2)
Ve = ApyLTguNTgy (23)

Where, (0) refers to the 0™ stage i.e. the brine heater
(BH).

4. Solution Procedure

The resulting sets of governing equations are solved
numerically by using Runge-Kutta method. A computer
package based on Mat-lab with menu driven user interface,
interactive graphic interface, long double precision, mouse
support, and printer support is implemented,

the main output windows are shown in appendix (A).
Starting from the initial state, the simulation strategy
involves the procedure carried out in the following steps:

1. The algebraic variables are determined from
correlations and algebraic equations.

2. The right hade side (R.H.S) of all the ODE’s is
calculated by using the algebraic variables determined
in step 1.

3. A numerical solution using Runge-Kutta method uses
the R.H.S to calculate the new values of all the
differential variables for the next simulation time till a
certain convergence.

4. Increment time by At and repeat steps 1 to 5, till a
steady state is approached

5. Model Validation

The validity of the present model was checked by
comparing the steady state results with some of the
previous results and the actual data for Kuwait, Benghazi
and Zuitina MSF plants. The comparisons are shown in
Tables (1) to (3). Table (1) shows the comparison between
the present predictions and actual data of Kuwait for the
top brine temperature (TBT), the recirculating brine
temperature that enters the brine heater (TW(1)), the
product flow rate (mpr), the product temperature (TPr), the
blow-down temperature and the performance ratio, which
is defined as the mass flow rate ratio of distillate product
to the heating steam. Table 2 shows the comparison
between the present prediction of the top brine temperature
(TBT), recirculating brine temperature enters the brine
heater (TW(1)), product flow rate (mpr), product
temperature  (TPr), blow-down temperature and
performance ratio with the actual data Zuitina MSF plant.
The comparison shows good agreement between the
present predictions and the actual data. Therefore, the
present model is considerably valid to accurately predict
the performance characteristics of MSF desalination plant
at both steady states and transient.

6. Case Study

In this case study, the transient performance
characteristics have been predicted utilizing the design
data of Zuitina MSF desalination plant. The plant is
constructed with a cross-tube-type multi-stage flash (MSF)
evaporator with recirculating

brine, and multi-stage condensers with two sections.
The plant is composed of a heat recovery section (18
stages) and a heat rejection section (3 stages). Some of the
design data of the Zuitina plant is listed in Table 3.
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Table 1. Comparison between the present predictions, and some pervious data

Operating . . Present (%)
Kuwait MSF plant Al-Shayji [19] o o
Parameters predictions Deviation
No. of Stages 24 24 24
me ,  (T/h) 9629.3 9629.3 9629.3
] Tt , (°C) 32.22 32.22 32.22 ---
E Mms, (T/h) 140.862 140.862 140.862 ---
Ts, (°C) 100 100 100 ---
X, ppm 45,000 45,000 45,000
TBT, (°C) 90.56 89.1 90.672 0.12
Tw(1), (°C) 83.20 82.22 82.429 0.93
‘é_ Mpr (T/h) 1127.7 1159.8 11215 0.55
g Ter, (°C) 38.60 36.54 39.047 1.15
Thd (°C) 40.5 38.44 39.521 2.42
PR 8.005 7.76 7.961 0.48
Table 2. Comparison between the present predictions and the data from Zuitina MSF plant
Operating Zuitina MSF plant Prej\se-nt (%)
Parameters predictions Deviation
No. of Stages 21 21
mf , (T/h) 2800 2800 ---
= Tf,, (C) 28 28
15 mS , (1/h) 52 52
TS, (°C) 124 124 ---
XF , ppm 35,000 35,000
TBT, (°C) 118 117.8612 0.12
TW(), (°C) 109.3 109.4263 0.11
§_ mpr , (T/h) 416.7 413.6298 0.74
E TPr, (°C) 37 39.3282 5.9
Tb(N), (°C) 38.2 40.3367 5.6
PR 8.0128 7.9544 0.73

Table 3. The condenser tube bundle specifications

Parameter Recovery section Rejection section Brine heater
Tube material CuNil0Fe Titanium CuNi30Fe
No. of tubes per stage 1313 1410 1302
Tube length (m) 9 9.4 13.09
Outside diameter (mm) 24 19 24
Wall thickness (mm) 0.9 0.5 1
Heat transfer area (m?) 891 791 1274
Fouling factor (m?.K/W) 0.00009 0.000178 0.000178
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i. Effect of the Heating Steam Temperature

One of the most important parameter that affects the
MSF desalination process is the temperature of heating
steam. The top brine temperature is dependant on the
heating steam temperature which affects the overall plant
performance characteristics as shown in Figure 16. The
plant performance enhances with the increase in the
heating steam temperature. This is due to the fact that as
heating steam temperature increases the top brine
temperature increases which enhances the flashing rate and

-
&
2
3

product flow rate and in accordance enhances the plant
performance ratio. An increase in the flashing rate results
in the decrease of the brine levels in the first stage and
subsequently to the other stages (as shown in Figure 17).
Unfortunately, the extra increase in the heating steam
temperature may increase the scales due to the increase in
both salinity and the overall temperature level in the plant.
Therefore, the heating steam temperature is limited to
about 130 °C in most of the commercial MSF plant
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Figure 16. The effect of heating steam temperature on transient product flow and performance ratio
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Figure 17. Brine level at two different heating steam temperatures

7. Conclusion

This work has presented a dynamic simulator for the
analysis of MSF desalination plants using a dynamic
analysis. The developed model is based on the basic
equations of mass, momentum and energy. The proposed
was able to investigate the affect of some key parameters
such as seawater concentration and other thermal
parameters that may affect the general performance of the
MSF plant during transient as well as steady state
operation condition. The proposed model was validated by
using data from previous theoretical studies as well as
actual data obtained from an operating MSF plant. The
validation results showed good agreement with the
predicted and the real case measured values. Based on data
derived from a number of selected runs, the following
conclusions may be drawn:

1. The seawater inlet flow rate (mf) had a very strong
effect on the system performance, where its decrease
results in increasing the system temperature and the
flashing rate and subsequently the performance ratio.
This is the opposite effect to increasing the seawater
inlet flow rate.

2. An increase in the heating steam temperature (Ts)
results in an increase of the system temperature, which
improves the flashing efficiency as well as the net
product flow rate. Also, this results in a decrease of the
brine level that might result in vapor leaking across the
stages. This is the opposite effect to decreasing the
heating steam temperature.

3. Sea water temperature (T;) has a considerable affect on
the product of the plant as well as the performance
ratio, and it has a slight effect on the top brine
temperature and brine levels.

References

[1] Mazzotti, M., Rosso, M., Beltramini, A. and
Morbidelli, M., “Dynamic modeling of multistage
flash desalination plants” Desalination, Vol. 127, No.
3, 2000, 207-218.

[2] El-Dessouky,H.T. Shaban H. I. and Al-Ramadan, H.
Desalination, Vol. 103,1995, 271-287..

[3] El-Dessouky,H.T. and Bingulac, S. Desalinat- ion,
Vol. 107, 1996, 171-193.

[4] Aly, N.H., El-Fiqgi, A.K., Desalination, VVol. 158, 2003,
127-142.

[5] Glueck, A.R., and Bradshaw, R.W., Proc. 3rd Int.
Symp. on Fresh Water from the Sea, Vol. 1, 1970, 95—
108.

[6] Yokoyama, K., Ikenaga, Y., Inooe, S. and Yamamoto,
T., Desalination, Vol. 22, 1977, 395-401.

[7] Maniar, V. M., and Deshpande, P.B., J. proct. Cont.,
Vol. 6, No. 1, 1996, 49-55.

[8] Thomas, P.J., Bhattacharyya, S., Patra, A. and Rao,
G.P., Comput. Chem. Engng., Vol. 22, No. 10, 1998,
1515-1521.

[9] Rimawi, M., Euouney, H., and Aly, G. Desalination,
Vol. 74, 1998, 327-338.

[10] Tarifa, E.E., Scenna, N.J., Desalination, Vol. 138,
2001, 349-364.

[11] G.P. Rao, Desalination, Vol. 92, 1993, 103.
[12] E. Ali, Desalination, Vol. 143, 2002, 73-91.

[13] Aly, N.H., Marwan, M.A., Desalination, Vol. 101,
1995, 287-293.

[14] Alatigia, 1., Ettouneya, H., El-Dessoukya, H., Al-
Hajrib, K., Desalination, VVol. 160, 2004, 233-251.

[15] Gambier, A., Badreddin, E., Desalination, Vol. 166,
2004, 191-204.

[16] El-Dessouky, H.T., Ettouney, H.M. Al-Roumi, Y.,
Chem. Eng., Vol. 173, 1999, 173-190.

[17] Helal, A.M., Medani, M.S. and Soliman, M.A.,
Comput. Chem. Eng., Vol. 10, No. 4, 1986, 27-342.

[18] Al-Shayji, K.A, “Modelling, Simulation, and
Optimization of Large-Scale Commercial Desalination
Plants.” Dissertation, Virginia Polytechnic Institute
and State University, USA, 1998..

[19] Shivayanamath, S., Tewari, P.K., Desalination, Vol.
155, 2003, 277-286.



Appendix
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